Conflicting results regarding the role of ARF6 in dendritic spine development have not been answered. Results: ARF6-mediated Rac1 or RhoA activation via PLD pathway either positively or negatively regulates spine formation.
Dendritic spines are actin-rich architectures that are important for receiving presynaptic inputs in most excitatory synapses in the central nervous system (1) . These spines are flexible structures, and their formation and morphogenesis are dynamically regulated through actin cytoskeletal reorganization (2) . The resulting changes are known to be cellular mechanisms that modify brain activity such as the formation of long term memory (3) (4) (5) . Because of the presence of an extensive actin cytoskeleton and the central role of actin in inducing morphological changes of spines in response to a variety of neural events, proteins known to regulate actin cytoskeleton and the associated signal pathways have been the primary targets of studies focusing on spine formation and morphogenesis (6) .
ADP-ribosylation factor 6 (ARF6) 2 belongs to the ARF protein family, a Ras-related family of small GTPases that regulate actin cytoskeleton and membrane trafficking (7, 8) . ARF6 has been known to play various roles in the regulation of cortical actin dynamics and in membrane exchanges between the plasma membrane and endocytic compartments (9) . In the nervous system, ARF6 has been shown to regulate neurotransmitter release at the Xenopus neuromuscular junction via ARF GEF msec7-1 and facilitate AP-2 and clathrin recruitments to synaptic membranes (7) . Furthermore, it was seen that ARF6 regulates early axonal and dendritic growth and branching (10, 11) . Besides its involvement in early neuronal morphogenesis, ARF6 is known to play a role in later stages of neuronal development, and recent studies have reported that ARF6 affects dendritic spine formation and causes morphological changes (11) (12) (13) . These studies, however, presented contradictory results regarding the role of ARF6 in spine development. Miyazaki et al. (12) found that a constitutively active mutant of ARF6 (ARF6-Q67L) displayed a severe spine reduction in mature hippocampal neurons (21 days in vitro (DIV 21)), whereas a dominant negative mutant of ARF6 (ARF6-T27N) resulted in a substantial increase in spine density. Choi et al. (13) , however, showed that activation of ARF6 by overexpression of a fast cycling mutant of ARF6 (ARF6-T157A) increases the spine density in developing neurons (DIV 11) , whereas a knockdown of ARF6 resulted in decreased spine formation. Although several explanations regarding this controversy have been suggested, it is still unclear whether ARF6 activation plays a positive or negative role in spine development.
Here we showed that an activation of ARF6 differentially regulates spine formation and maintenance depending on neuronal maturation and activity. In developing neurons, ARF6-T157A, a fast cycling mutant of ARF6, increased the number of dendritic spines via the ARF6/phospholipase D (PLD)/phosphatidic acid (PA) to PAK1-dependent (via guanine nucleotide dissociation inhibitor for Rho proteins (RhoGDI)/Rac1) and/or PAK1-independent pathway. Conversely, ARF6-T157A exhibited a completely opposite effect in mature neurons, reducing spine density by the balance between PLD-induced Rac1 and RhoA activation and bypassing the PAK/RhoGDI pathway. Consistent with these findings, genome-wide microarray analysis revealed that ARF6 activation in developing and mature neurons leads to opposite patterns of expression of a subset of genes that are involved in neuronal morphology. We further demonstrated that the key factor underlying the conversion of the ARF6 effect during development is neuronal activity because blocking neuronal activity in developing neurons using tetrodotoxin (TTX) or enhancing it in mature neurons using picrotoxin (PTX) or chemically induced long term potentiation (LTP) reversed the spine-promoting or spine-reducing effect of ARF6-T157A, respectively.
EXPERIMENTAL PROCEDURES
Ethics Statement-Animal experimental procedures were approved by the Institute of Animal Care and Use Committee of Seoul National University, Korea (approval identification number SNU-100930-5).
DNA Constructs and Reagents-Green fluorescent protein (GFP)-5-phosphatase domain of synaptojanin-1 (5Ptase) and GFP-RacDN (dominant negative mutant form; RacN17) were kindly provided by Dr. Pietro De Camilli (Yale University, New Haven, CT). GFP-PAK inhibitory domain (PID) was provided by Dr. Dong-Eun Park (Seoul National University, Seoul, South Korea), and GFP-RhoGDI1-S101A/S174A (mtRhoGDI) was provided by Dr. Eung-Gook Kim (Chungbuk National University, Cheongju, South Korea). C-terminally HA-tagged wildtype ARF6, ARF6-T27N (dominant negative mutant form), and ARF6-T157A (fast cycling mutant form) were provided by Dr. Eunjoon Kim (Korea Advanced Institute of Science and Technology, Daejeon, South Korea). ARF6-N48I and ARF6-T157A/ N48I were generated by site-directed point mutations using a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The fidelity of all constructs was verified by DNA sequencing. All other reagents were from Sigma.
Hippocampal Neuron Culture and Transfection-Primary rat hippocampal neurons were prepared as described (14) . Briefly, hippocampi were dissected from embryonic day 18 Sprague-Dawley fetal rats, dissociated with papain, and tritu-rated with a polished half-bore Pasteur pipette. The cells (2.5 ϫ 10 5 ) in minimum Eagle's medium supplemented with 0.6% glucose, 1 mM pyruvate, 2 mM L-glutamine, 10% fetal bovine serum, and antibiotics were plated on poly-D-lysine-coated glass coverslips in a 60-mm Petri dish. Four hours after plating, the medium was replaced with Neurobasal (Invitrogen) supplemented with 2% B-27 and 0.5 mM L-glutamine. 4 M 1-␤-Dcytosine arabinofuranoside was added as needed. Neurons were transfected using the calcium phosphate method. Briefly, empty vector (pcDNA3.0-HA), ARF6-T27N, ARF6-T157A, ARF6-N48I, or ARF6-T157A/N48I with either GFP, GFP-5Ptase, GFP-RhoGDI, or GFP-RacDN was either co-transfected at DIV 11 and fixed at DIV 15 for developing stage or co-transfected at DIV 16 and fixed at DIV 20 for mature stage. Co-transfection was performed at a ratio of 1:3. Chemical LTP Induction-Neurons were co-transfected with GFP with HA or ARF6-T157A at DIV 11 or 16 using he calcium phosphate method, and 9 h after transfection, these neurons were subjected to chemically induced long term potentiation (chem-LTP) as described (15) . Briefly, transfected neurons were placed in Mg 2ϩ -free extracellular solution (110 mM NaCl, 2 mM CaCl 2 , 5 mM KCl, 10 mM HEPES, 30 mM glucose, 0.5 M TTX, 1 M strychnine, 20 M bicuculline methiodide, pH 7.4) for 10 min at 37°C in a CO 2 incubator and then 200 M glycine was applied for 3 min at 37°C in a CO 2 incubator to induce chem-LTP. After 20 min in extracellular solution, the neurons were transferred to a dish containing the original medium. The neurons were fixed at DIV 20, mounted, and stored at 4°C for further imaging analysis.
Microscopy and Image Analysis-Fluorescence images were acquired on an Olympus IX-71 inverted microscope equipped with a UPlanApo 40ϫ, 1.00 numerical aperture oil immersion objective (Olympus, Tokyo, Japan), a GFP-optimized filter set (Omega Optical, Brattleboro, VT), and an ORCA-R2 chargecoupled device camera (Hamamatsu Photonics, Hamamatsu, Japan) driven by MetaMorph Imaging software (Molecular Devices, Sunnyvale, CA). Cells were excited with 480 nm light (TouchBright X6, Live Cell Instrument, Seoul, South Korea). MetaMorph Imaging software was used for analysis. For threedimensional structured illumination microscopy (3D-SIM), we used an N-SIM microscope system equipped with a Nikon CFI Plan Apo IR 60ϫ, 1.27 numerical aperture water immersion objective (Nikon, Tokyo, Japan) and an Andor DU-897 X-5834 EM charge-coupled device camera (Andor, Belfast, UK). The channel was carefully aligned using an alignment parameter from control measurements with 0.1-m-diameter fluorescent beads. Image stacks of typically 1.0-m height with 33 images each and a z-distance of 0.03 m were acquired and computationally reconstructed. Reconstructed images were generated in Blend Projection images with Imaris v7.5.2 (Bitplane, Zurich, Switzerland) including volume rendering, rotations, and display adjustment to eliminate background noise and brighten images. For analysis, well branched pyramidal or multipolar neurons were randomly selected, and the experiments were performed in a blinded manner. One to three secondary dendrites in each neuron were chosen. To determine the number of dendritic spines and filopodia, spines were defined as dendritic protrusions of Ͻ5 m in length with a head and filopodia as dendritic protrusions of Ͻ10 m in length without apparent heads. Spine head was defined as the tip structure that should be at least 2 times thicker than the spine neck. Spines can be morphologically classified into three types as follows: stubby, thin, and mushroom-shaped (16) . To distinguish spine types, we defined spines as follows: the stubby type was defined as spines devoid of an apparent neck, the thin type was defined as spines having a thin neck and a small bulbous head, and the mushroom type was defined as spines having a neck and a large mushroom-shaped head. The density and types of spines from a single dendrite were grouped and averaged. Data are presented as means Ϯ S.E. Statistical analysis was carried out with PASW Statistics 18 (formerly SPSS Statistics). For multiple conditions, we compared means by ANOVA followed by Tukey's HSD post hoc test.
Generation of Recombinant Sindbis Viruses and Infection-Sindbis viral constructs were kindly provided by Dr. Hyongkyu Kim (Chungbuk National University). Generation of recombinant Sindbis viruses expressing ARF6-T157A-His 6 was performed as described previously (17) . For genome-wide microarray analysis, rat hippocampal neuron cultures were infected at DIV 10 for developing stage and DIV 17 for mature stage and maintained for an additional 36 h. Infected neurons were washed twice with PBS and stored at Ϫ70°C for further investigations. Samples were lysed, and RNA isolation was carried out using the RNA-spin total RNA extraction kit (iNtRON Biotechnology, Sungnam, Kyungki-Do, South Korea), and genome-wide microarray analysis was performed.
Microarray Experiments-We prepared total RNA independently from developing and mature neurons infected with Sindbis virus-expressing ARF6-T157A and empty (CTL) vectors using the RNeasy mini kit (Qiagen, Valencia, CA). We analyzed a total of eight samples composed of duplicate samples in the above four conditions. The RNA integrity of each sample was assessed using Bioanalyzer 2100 (Agilent technologies, Santa Clara, CA); the RNA integrity number was in the range between 9.3 and 10 for all the four samples. RNA was reverse transcribed, amplified, and then hybridized onto an Agilent SurePrint G3 Rat GE Microarray 8 ϫ 60,000 (including 62,976 probes corresponding to 19,958 annotated genes) according to the Agilent standard protocols. The fluorescent signal on the array was measured using an Agilent SureScan microarray scanner. The probe intensities were converted to log 2 intensities and then normalized using the quantile normalization method (18) . The normalized data were deposited in the Gene Expression Omnibus (GEO) database under accession number GSE40937.
Statistical Analysis of Gene Expression Data-Using the normalized log 2 intensities, the differentially expressed genes (DEGs) between two conditions were identified as described previously (19) . Briefly, 1) Student's t test and log 2 median ratio test were performed to compute T values and log 2 median ratios for all the genes. 2) Empirical distributions of the null hypothesis were estimated by performing all possible combinations of random permutations of samples and then applying the Gaussian kernel density estimation method to T values and log 2 median ratios resulting from the random permutations (20) . 3) The adjusted p value of each gene for the individual tests was computed by the two-tailed test using the empirical null distribution. 4) The adjusted p values from the two tests were then combined using Stouffer's method (21) . And finally, 5) the DEGs were identified as the present genes with a combined p value Յ0.1. To reduce false positives, we further selected only DEGs whose absolute log 2 -fold changes were larger than the cutoff, the mean of 5th and 95th percentiles of the null distribution of log 2 -fold changes (0.372). Finally, gene ontology biological processes enriched by a list of genes were identified as those with a p value Ͻ0.05 using DAVID software (22) .
RNA Interference-Small hairpin RNA (shRNA) for RNA interference against rat PAK1 or rat ARF6 mRNA was designed based on the rat PAK1 (GenBank TM accession number NM_017198.1) or rat ARF6 (GenBank accession number NM_024152) cDNA sequence, respectively. PAK1 was targeted to the region of nucleotides 1222-1240. Complementary oligonucleotides were synthesized separately with the addition of a BamHI site at the 5Ј-end and an EcoRI site at the 3Ј-end. The forward targeting sequence of shRNA for PAK1 (shRNA-PAK1) was 5Ј-GGATTCTGTGCACAGATAA-3Ј. For ARF6 targeting, the region of nucleotides 305-323 was chosen. Complementary oligonucleotides were synthesized separately with the addition of a BamHI site at the 5Ј-end and an EcoRI site at the 3Ј-end. The forward targeting sequence of shRNA for ARF6 (shRNA-ARF6) was 5Ј-AGCTGCACCGCA-TTATCAA-3Ј. The annealed cDNA fragments were cloned into the BamHI-EcoRI sites of the vector pSIREN-DNR-DsRed-Express (BD Biosciences). The efficiency of shRNAs was tested on protein levels of HA-tagged rat PAK1 or rat ARF6 in HEK293T cells (data not shown). Both PAK1 and ARF6 targeting sequences have been already reported (13, 23) . The fidelity of all constructs was verified by sequencing.
RESULTS AND DISCUSSION
The Number of Spines Increases Exponentially during DIV 11-15-To evaluate dendritic spine formation during neuronal development, neurons were transfected with GFP at DIV 7, and spine numbers were counted during neuronal development. We defined dendritic spines as protrusions of 0.5-5 m in length with a head. The number of spines increased during DIV 11-15 and reached a plateau at later stages ( Fig. 1 A) . We defined the developing stage of a neuron as when spine development shows exponential growth (DIV 11-15), whereas the mature stage was when it reaches a plateau (DIV [17] [18] [19] [20] . The ratio of spines versus filopodia also increased as neurons matured (Fig. 1B) . MARCH 20, 2015 • VOLUME 290 • NUMBER 12
Differential Role of ARF6 in Dendritic Spine Formation

JOURNAL OF BIOLOGICAL CHEMISTRY 7325
Spines can be morphologically divided into three types as follows: thin, stubby, and mushroom-shaped. The thin type was defined as spines having a long thin neck and a small bulbous head, the stubby type was defined as those devoid of a neck, and the mushroom-shaped type was defined as those having a neck and a large head. The portion of different morphological types of spines changed with an increase in the proportion of mushroom-shaped spines and a concomitant reduction in the proportion of thin and stubby spines (Fig. 1C ).
ARF6 Distinctly Modulates Dendritic Spine Formation at Each Stage-To determine the role of ARF6 in spine formation at the developing stage, we co-transfected neurons at DIV 11 with a fast cycling mutant of ARF6 (ARF6-T157A), a dominant negative mutant of ARF6 (ARF6-T27N), or an empty vector (HA) with GFP and fixed cells at DIV 15. Overexpression of ARF6-T157A significantly increased the number of spines, whereas overexpression of ARF6-T27N showed no change (Fig.  2 , A and B, and Tables 1 and 2). These results are consistent with a previous report (13) , confirming that ARF6 activation positively regulates spine formation in developing neurons.
Next, we investigated the roles of active ARF6 at the mature stage of neurons. We co-transfected neurons with ARF6-T157A, ARF6-T27N, or HA with GFP at DIV 16, and the cells were fixed at DIV 20. In contrast to the results of developing neurons, ARF6-T157A significantly decreased the number of spines, whereas ARF6-T27N promoted spine formation (Fig. 2 , C and D), which is consistent with a previous report (12), confirming that ARF6 activation negatively regulates spine formation in mature neurons.
Active ARF6 Promotes Dendritic Spine Formation in Developing Neurons-ARF6 is known to activate various downstream pathways including PLD, phosphatidylinositol 4-phosphate 5-kinases, and Rac1 (7) . To test which pathway(s) is involved in the spine-promoting effect of ARF6 at the developing stage, we first co-transfected neurons with GFP and ARF6-N48I, which prevents activation of PLD, or ARF6-T157A/N48I at DIV 11, and the cells were fixed at DIV 15. We found that ARF6-T157A/ N48I completely abrogated the spine-promoting effect of ARF6-T157A, whereas ARF6-N48I alone had no effect on spine formation (Fig. 3A) . These results suggest that the spine-promoting effect of ARF6-T157A in developing neurons is mainly mediated through the PLD pathway.
The prominent downstream candidate for PLD/PA-mediated spine development is PAK1, a serine/threonine kinase that regulates the actin cytoskeleton (24) . The role of PAK1 in spine regulation has been firmly established by a number of previous studies (25, 26) . To test whether PAK1 is involved in ARF6/ PLD-mediated spine regulation in developing neurons, we cotransfected neurons with ARF6-T157A and PID, an autoinhibitory domain of PAK1. PID alone reduced spine density, FIGURE 1 . Developmental changes of dendritic spine formation in rat primary cultured hippocampal neurons. A, cultured neurons were transfected with GFP at DIV 7 and then fixed at the indicated DIV. Spine density rises during DIV 11-15, and then the levels persist. Data were collected from three coverslips with each having two dendrites from three neurons at the indicated DIV. B, representative images for spines at the indicated DIV and a ratio graph of spines versus filopodia are depicted. C, pie graphs illustrating the changes in the portion of different morphological types of spine protrusions in the neurons expressing GFP depending on developmental stages.
suggesting that in the resting state spine formation is regulated endogenously by PAK1 via an ARF6-independent pathway(s) ( Fig. 3B ). Co-expression of PID completely eliminated the effect of ARF6-T157A, indicating the involvement of the ARF6/ PLD/PA/PAK1 pathway. The difference between PID alone and PID with ARF6-T157A also suggests that an ARF6-dependent but PAK1-independent pathway could be involved in ARF6-T157A-mediated spine formation ( Fig. 3B ; see also Fig. 7) .
RhoGDI is known to be a downstream effector of PAK1 (27) . RhoGDI phosphorylation by PAK1 dissociates Rac1 from RhoGDI, allowing subsequent Rac1 activation by Rac guanine nucleotide exchange factors (27) . Because previous studies showed that the spine-promoting effect of ARF6 is partially blocked by a dominant negative Rac1 (13), we tested the involvement of the PAK1/RhoGDI pathway using ARF6-T157A. We co-transfected neurons with ARF6-T157A or HA and mtRhoGDI, which cannot be phosphorylated by PAK1. We found that mtRhoGDI completely abrogated the effect of ARF6-T157A ( Fig. 3C ). Consistently, we also found that RacDN largely blocked ARF6-T157A-induced spine formation ( Fig.  3D ).
PA can also activate phosphatidylinositol 4-phosphate 5-kinases, leading to an increase in the production of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) (28) . We found that co-transfection of ARF6-T157A or HA and GFP-tagged 5Ptase, which reduces cellular PIP 2 levels, reversed the effect of ARF6-T157A. In addition, 5Ptase alone reduced spine density (Fig. 3E ). Differential Role of ARF6 in Dendritic Spine Formation MARCH 20, 2015 • VOLUME 290 • NUMBER 12 FIGURE 3. The effects of ARF6-T157A or ARF6 knockdown on dendritic spine formation in developing neurons. A-E, cultured hippocampal neurons were co-transfected at DIV 11 with T157A-ARF6-HA, T157A/N48I-ARF6-HA, N48I-ARF6-HA, or HA and GFP (A), T157A-ARF6-HA or HA and GFP or GFP-PID (B), T157A-ARF6-HA or HA and GFP or GFP-mtRhoGDI (C), T157A-ARF6-HA or HA and GFP or GFP-RacDN (D), or T157A-ARF6-HA or HA and GFP or GFP-5Ptase (E) and fixed at DIV 15. The effects of ARF6 mutants on dendritic spine formation were quantified to investigate the PLD/PA pathway. The values in the spine number graph were recalculated to show percent differences between each group and HA. Detailed data are shown in Table 1 . Data were collected for each group in three independent experiments. † † † and ***, p Ͻ 0.001; **, p Ͻ 0.01; NS, not significant (ANOVA and Tukey's HSD post hoc test). F, cultured hippocampal neurons were co-transfected at DIV 11 with T157A-ARF6-HA or HA and pSIREN-empty (control (Ctrl) vector), shRNA-PAK1, or shRNA-ARF6 and fixed at DIV 15. The effect of ARF6-T157A with PAK1 depletion or ARF6 depletion on dendritic spine formation was quantified in developing neurons. The values in the spine number graph were recalculated to show the differences between each group and HA. Detailed data are shown in Table 3 . Data were collected for each group in three independent experiments. The values are means Ϯ S.E. † † † and ***, p Ͻ 0.001 (ANOVA and Tukey's HSD post hoc test). Error bars represent S.E.
Because it is already known that PIP 2 at the plasma membrane is required for proper GDP/GTP exchange on Rac1 where Rac1 regulates actin cytoskeleton (29) , we hypothesized that the negating effect of 5Ptase on ARF6-T157A might be mediated by hampering Rac1 recruitment and activation at the plasma membrane.
These results suggest that the ARF6/PLD/PA to PAK1-dependent (via RhoGDI/Rac1) and/or PAK1-independent pathway is significant in the spine-promoting effect of ARF6 in developing neurons (see also Fig. 7) . The above results were further corroborated by the results from knockdown of endogenous PAK1 ( Fig. 3F and Table 3 ). Suppression of PAK1 expression by shRNA-PAK1 alone reduced spine density, and co-expression of shRNA-PAK1 and ARF6-T157A completely eliminated the effect of ARF6-T157A. Again, the difference between shRNA-PAK1 alone and shRNA-PAK1 with ARF6-T157A also suggests that an ARF6-dependent but PAK1-independent pathway could be involved in ARF6-T157A-mediated spine formation (Fig. 3F ). The knockdown of endogenous ARF6 alone reduced spine density (Fig. 3F ), which might be from side effects of knockdown considering the involvement of ARF6 in a wide variety of cellular processes.
Active ARF6 Inhibits Dendritic Spine Formation in Mature Neurons-In mature neurons, the PLD pathway is also the major pathway for the spine-reducing effect of ARF6-T157A because ARF6-T157A/N48I largely abrogated the effect of ARF6-T157A, whereas ARF6-N48I alone had no effect on spine formation ( Fig. 4 A) . However, co-expression of PID did not eliminate the spine-reducing effect of ARF6-T157A (Fig. 4B) . Also, introducing mtRhoGDI did not abolish the effect of ARF6-T157A. Interestingly, PID or mtRhoGDI itself reduced the spine density, which is consistent with the result from developing neurons (Figs. 3, B and C, and 4, B and C) . These results suggest that in the resting state the ARF-independent PAK/RhoGDI pathway is important for spine maintenance in both developing neurons and mature neurons.
For mature neurons, we introduced another PLD downstream pathway, the RhoA pathway, in addition to the Rac1 pathway. Previously, we showed that unlike Rac1, which is expressed at high levels from the early stage and persists throughout development, RhoA expression levels are low at the early developmental stage but gradually increase, and after DIV 20, its expression levels are comparable with those of Rac1 (30) . Besides, it is well known that RhoA and Rac1 exert antagonistic effects in spine development: RhoA plays a negative role, whereas Rac1 plays a positive role (31) . Because the previous studies showed that PLD or PA is directly recruited to the plasma membrane and activates Rac1 or RhoA (32-34), we hypothesized that the balance between ARF6-T157A-induced Rac1 and RhoA activation via the PLD pathway, bypassing the PAK/RhoGDI pathway, plays a key role in the spine-reducing effect of ARF6-T157A in mature neurons (see also Fig. 7) . Accordingly, RacDN alone reduced spine density and almost completely reversed the effect of ARF6-T157A in mature neurons (Fig. 4D) . The phosphatidylinositol 4-phosphate 5-kinase/ PIP 2 pathway is not involved in the effect of ARF6 because co-transfection of ARF6-T157A with 5Ptase failed to recover spine density but rather induced a further decrease (Fig. 4E) .
Suppression of PAK1 expression by shRNA-PAK1 alone reduced spine density, and co-expression of shRNA-PAK1 and ARF6-T157A did not abolish the effect of ARF6-T157A (Fig.  4F) , which is consistent with the results from examination of the PID effect (Fig. 4B) . The knockdown of endogenous ARF6 alone also reduced spine density in mature neurons (Fig. 4F) .
Overexpression of Active ARF6 Alters Gene Transcription Profiles Differentially at Developing and Mature Stages-How does the same ARF activation mediate completely opposite effects on spine regulation depending on the level of neuronal maturation? To answer this question, we performed genomewide gene expression profiling of developing (DIV 12) and mature neurons (DIV 19) infected with Sindbis virus expressing ARF6-T157A and CTL vectors to determine the downstream target genes affected by ARF6 in the two types of neurons. First, we generated Sindbis viruses and checked the expressions of ARF6 mRNA and protein levels. Neurons infected by Sindbis virus expressing ARF6-T157A exhibited strong expressions of both ARF6 mRNA and protein levels (Fig. 5, A and B) , and the infection efficiency and cell viability of cells we had used were confirmed by immunostaining and the pyknotic viability test during a 36-h infection with Sindbis virus expressing ARF6-T157A-His 6 (Fig. 5C and data not shown) . We identified 1,690 and 1,426 DEGs from the following two comparisons (total of 2,872 DEGs): 1) ARF6-T157A versus CTL in developing neurons and 2) ARF6-T157A versus CTL in mature neurons (Fig.  5D ). To systematically explore the association of the two sets of DEGs with the differential roles of ARF6 in spine formation, we categorized the 2,872 DEGs into eight possible clusters (C1-C8) based on up-and down-regulation patterns in the two comparisons. Among the eight clusters, we focused on four major clusters (C1-C4; Fig. 5E ) containing greater than 100 genes. To MARCH 20, 2015 • VOLUME 290 • NUMBER 12
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understand cellular processes represented by the genes in these individual clusters, we performed enrichment analysis of gene ontology biological processes for the genes in each cluster (Fig.  5F) . The results showed that DEGs are mainly involved in neuronal activity-related processes (synaptic transmission, learning or memory, and calcium ion homeostasis) and neuronal development and morphogenesis (neuron differentiation, regulation of nervous system development, axonogenesis, and cell motility). Intriguingly, neuronal morphology-related processes such as axonogenesis and cell motility involving actin cytoskeleton reorganization are regulated predominantly by the genes in C2, which are up-regulated by ARF6 in developing neurons but not in mature neurons. Conversely, the neuronal activityrelated processes such as synaptic transmission and learning or memory are regulated predominantly by the genes in C3, which are down-regulated by ARF6 in developing neurons but not in mature neurons. These data indicate that ARF6 activation in developing and mature neurons leads to different expression patterns between developing and mature neurons for the afore-mentioned genes (C1 and C3) associated with actin cytoskeleton reorganization and neuronal activity-related processes. ARF6-mediated Spine Formation Is Regulated by Neuronal Activity-During the developing stage between DIV 11 and 15, neurons undergo drastic activity-dependent structural and functional rearrangements, which are later stabilized at the mature stage (35, 36) . We reasoned that such neuronal activity could be the key factor for the conversion of the effect of ARF6 on spine development. We first tested this possibility in developing neurons. When we treated developing neurons with TTX, which blocks action potential generation in neurons and causes a global inhibition of neuronal activity (37), neurons having longer thin spinelike protrusions became a majority. We found that TTX treatment completely blocked the spine-promoting effect of ARF6-T157A, inducing longer thin spinelike protrusions ( Fig. 6 A) . To verify whether the effect of ARF6 on spine formation in mature neurons is dependent on neuronal activity, we treated mature neurons with PTX, a noncompetitive antagonist for the GABA A receptor, thus increasing neuro- . The effects of ARF6-T157A or ARF6 knockdown on dendritic spine formation in mature neurons. A-D, Cultured hippocampal neurons were cotransfected at DIV 16 with T157A-ARF6-HA, T157A/N48I-ARF6-HA, N48I-ARF6-HA, or HA and GFP (A), T157A-ARF6-HA or HA and GFP or GFP-PID (B), T157A-ARF6-HA or HA and GFP or GFP-mtRhoGDI (C), T157A-ARF6-HA or HA and GFP or GFP-RacDN (D), or T157A-ARF6-HA or HA and GFP or GFP-5Ptase (E) and fixed at DIV 20. The effect of ARF6 mutants on dendritic spine formation was quantified to investigate the PLD/PA pathway. The values in the spine number graph were recalculated to show percent differences between each group and HA. Detailed data are shown in Table 2 . Data were collected for each group in three independent experiments. The values are means Ϯ S.E. Daggers ( †) indicate the significance between HA and each group, and asterisks (*) indicate the significance between each group. † † † and ***, p Ͻ 0.001; **, p Ͻ 0.01; *, p Ͻ 0.05; NS, not significant (ANOVA and Tukey's HSD post hoc test). F, cultured hippocampal neurons were co-transfected at DIV 16 with T157A-ARF6-HA or HA and pSIREN-empty (control (Ctrl) vector), shRNA-PAK1, or shRNA-ARF6 and fixed at DIV 20. The effect of ARF6-T157A with PAK1 depletion or ARF6 depletion on dendritic spine formation was quantified in mature neurons. The values in the spine number graph were recalculated to show percent differences between each group and HA. Detailed data are shown in Table 3 . Data were collected for each group in three independent experiments. † † †, p Ͻ 0.001; † and *, p Ͻ 0.05; NS, not significant (ANOVA and Tukey's HSD post hoc test). Error bars represent S.E. nal activity (38) . We discovered that PTX treatment completely blocked the spine-reducing effect of ARF6-T157A in mature neurons (Fig. 6D) .
When we treated mature neurons with TTX or developing neurons with PTX, neither treatment affected the ARF6-T157A effect (Fig. 6, B and C) . In addition, we used the protocol for chem-LTP, which has been shown previously to increase global neuronal activity in cultured neurons (39) . After transfecting neurons with ARF6-T157A at DIV 16, chem-LTP was induced, and neurons were fixed and analyzed at DIV 20. Fig. 6E shows that chem-LTP successfully blocked the spine-reducing effect of ARF6-T157A in mature neurons.
ARF6 is the only member of the ARF family that can simultaneously regulate actin cytoskeleton changes and membrane exchange between the plasma membrane and endocytic compartments. ARF6 is present in the developing neurites and later on in dendrites, possibly suggesting a role for ARF6 in the processes of dendritic initiation, elongation, and branching (40, 41) . Hernández-Deviez et al. (11) showed that overexpression of ARF6-T27N in young hippocampal neurons leads to a dramatic increase in the total number of dendrites, whereas ARF6-Q67L results in a reduction of dendritic tree complexity. Miyazaki et al. (12) reported that overexpression of wild-type or constitutively active Q67L mutant of ARF6 significantly decreases the number of spines in mature neurons, whereas overexpression of ARF6-T27N markedly increases the number of spines. In contrast, Choi et al. (13) showed that ARF6 activation promotes the conversion of dendritic filopodia to spines and increases spine density at an early stage, whereas depletion of endogenous ARF6 leads to a decrease in the number of spines and an increase in the number of filopodia. Raemaekers et al. (43) also confirmed the increase in spine number in hippocampal neurons overexpressing ARF6-T157A mutant. Various factors such as types of mutants, the spatiotemporal activation of GEFs or GTPase-activating proteins, and overexpression-induced artifacts may explain the conflicting results, but no clear FIGURE 6. ARF6-T157A regulates dendritic spine formation depending on neuronal activity. A, cultured hippocampal neurons were co-transfected at DIV 11 with T157A-ARF6-HA or HA and GFP, subsequently treated with or without 1 M TTX, and then fixed at DIV 15. The effect of ARF6-T157A on dendritic spine formation with or without TTX treatment was quantified. B, cultured hippocampal neurons were co-transfected at DIV 11 with T157A-ARF6-HA or HA and GFP, subsequently treated with or without 50 M PTX, and then fixed at DIV 15. The effect of ARF6-T157A on dendritic spine formation with or without PTX treatment was quantified. The values in the spine number graph were recalculated to show percent differences between each group and HA. Detailed data are shown in Table 1 . Data were collected for each group in three independent experiments. The values are means Ϯ S.E. † † † and ***, p Ͻ 0.001; † † and **, p Ͻ 0.01; *, p Ͻ 0.05; NS, not significant (ANOVA and Tukey's HSD post hoc test). C, cultured hippocampal neurons were co-transfected at DIV 16 with T157A-ARF6-HA or HA and GFP, subsequently treated with or without 1 M TTX, and then fixed at DIV 20. The effect of ARF6-T157A on dendritic spine formation with or without TTX treatment was quantified. D, cultured hippocampal neurons were co-transfected at DIV 16 with T157A-ARF6-HA or HA and GFP, subsequently treated with or without 50 M PTX, and then fixed at DIV 20. The effect of ARF6-T157A on dendritic spine formation with or without PTX treatment was quantified. E, cultured hippocampal neurons were co-transfected at DIV 16 with T157A-ARF6-HA or HA and GFP. Nine hours after transfection, transfected neurons were subjected to chem-LTP (cLTP) induction and fixed and analyzed at DIV 20. The effect of ARF6-T157A on dendritic spine formation in neurons with or without chem-LTP induction was quantified. The values in the spine number graph were recalculated to show percent differences between each group and HA. Detailed data are shown in Table 2 . Data were collected for each group in three independent experiments. The values are means Ϯ S.E. † † † and ***, p Ͻ 0.001; NS, not significant (ANOVA and Tukey's HSD post hoc test). Error bars represent S.E. answer has been suggested. We found that activation of ARF6 could either positively or negatively regulate dendritic spine formation depending on neuronal maturation and activity, thus providing a reconciling answer for the controversy on the role of ARF6.
We found that Rac1 activation via PLD is the coincident factor in developing or mature neurons, but in mature neurons, RhoA activation antagonizes the spine-promoting effect of Rac1. Levels of Rac1 in the mouse CNS are initially high in the embryo and decrease steadily after birth, suggesting that Rac1 activity in the CNS is required for spine formation and maturation in developing neurons (44) . Previous studies also found that Rac1 appears to be important in two successive steps of spine morphogenesis: the conversion between longer filopodium-like protrusions and short, thin spines in developing stages and then later in spine head growth in mature stages either by inducing these processes or by inhibiting their reverse processes (45) . On the contrary, the developmental expression pattern of RhoA appears to be the opposite in that its levels were low in the early stage of development and increase gradually during development (30) . Because it is well known that RhoA and Rac1 have an antagonistic effect to each other (46) , together with our current results, Rac1 activity seems to be a key determinant for spine formation and maturation in developing neurons, whereas in mature neurons, RhoA takes over the control, and the balance between RhoA and Rac1 activity regulates the formation and maintenance of mature spine structures.
In addition to Rac1, PIP 2 is also involved in actin cytoskeleton rearrangement as well as membrane trafficking (47) . PIP 2 has been found in various intracellular compartments including the cytosolic face of the plasma membrane and is able to activate and/or recruit actin regulatory proteins such as myristoylated alanine-rich C kinase substrate and cofilin, suggesting that multiple functional roles of PIP 2 could co-exist (48, 49) . ARF6 can induce PIP 2 production by modulating PLD/PA-dependent or -independent phosphatidylinositol 4-phosphate 5-kinase activation, leading to regulation of exo/endocytosis and changes in the actin cytoskeleton (7) . Although we found that reducing PIP 2 levels using 5Ptase reversed the effect of ARF6-T157A in developing neurons but failed to reverse the ARF6-T157A effect in mature neurons because 5Ptase alone mostly reduced spine density in both developing neurons and mature neurons, we assume that the effect of 5Ptase might not be related to ARF6, although we cannot rule out the possibility that ARF6 activation may exert effects on spine via PIP 2 .
Based on current and previously published results, here we propose signaling pathways mediated by ARF6 activation to regulate spine formation in developing and mature neurons (Fig. 7) . In developing neurons, three routes are in operation, and all converge on Rac1 to promote spine formation: Route 1, ARF6-dependent but PAK1-independent pathway; Route 2, ARF6-independent but PAK1-dependent pathway; and Route 3, ARF6-and PAK1-dependent pathway. In mature neurons, another route is in operation: Route 4 in which an ARF6-dependent and Rho-dependent pathway provides a strong negative impact on spine formation. Using these routes, we are able to explain reasonably well the experimental data we obtained in Figs. 3 and 4 . However, it is surely a too simplified abstraction considering the involvement of ARF6 in various other cellular signaling pathways and current microarray data in which thousands of genes were affected by ARF6 activation. A more detailed analysis of the levels of the signaling network is required in future work.
Neuronal activity such as LTP and long term depression induces changes in both motility and shape that are morphological correlates of synaptic plasticity (6) . Here we demonstrate that TTX treatment of developing neurons or PTX treatment of mature neurons expressing ARF6-T157A completely abrogated the effect of ARF6-T157A on spine formation (Fig. 6,  A and D) . Therefore, our results suggest that neuronal activity is the key regulator for bidirectional regulation of ARF6-T157A in spine formation. Our results also suggest that Rac1 activity and neuronal activity are highly correlated in inducing spine formation and maintenance.
Growing evidence suggests that ARF6 activation is precisely regulated by ARF6 GEFs in a spatiotemporal manner, leading to neuronal development and synapse formation (7, 50) . Cytohe-sin1 and -2, EFA6A-D, and brefeldin A-resistant ARF-GEF1-3 are well known positive regulators for ARF6 activation (51) . Cytohesin2 (also called ARF nucleotide-binding site opener) inactivation causes an increase in dendritic branching, and EFA6A depletion decreases dendritic spine density in hippocampal neurons (11, 13) . The brefeldin A-resistant ARF- FIGURE 7 . Hypothetical models of ARF6 signaling pathways for regulating spine formation. In developing neurons, three routes are in operation, and all converge on Rac1 to promote spine formation. A, Route 1: ARF6-dependent but PAK1-independent pathway (ARF6/PLD/PA/Rac) that explains the difference between PID alone and PID with ARF6-T157A in Fig. 3 . B, Route 2: ARF6-independent but PAK1-dependent pathway (AIP/PAK/RhoGDI/Rac) that explains why PID alone reduced spine density in Fig. 3B . C, Route 3: ARF6and PAK1-dependent pathway (ARF6/PLD/PA/PAK/RhoGDI/Rac). In mature neurons, another route is in operation. D, Route 4: ARF6-dependent and Rhodependent pathway (ARF6/PLD/PA/Rho) antagonizes the effect of Rac1 and provides a strong negative impact on spine formation. The balance between ARF6-T157A-induced Rac1 and RhoA activation via the PLD pathway, bypassing PAK/RhoGDI pathway, plays a key role in the spine-reducing effect of ARF6-T157A in mature neurons. AIP, ARF6-independent pathway.
GEFs are enriched in neuronal postsynaptic densities and have been linked to mental retardation and alterations in synaptic modulation (51) . Recent studies further identified two downstream ARF6 effectors, telencephalin (also known as intercellular adhesion molecule-5) and vezatin (42, 43) . Telencephalin mainly localizes to dendritic filopodia and negatively regulates spine development (43) . ARF6-mediated endocytosis of telencephalin increases dendritic spine stability regulated at least in part by Rac1-mediated dephosphorylation and release of ezrin/ radixin/moesin actin-binding proteins from telencephalin (43) . Vezatin depletion significantly decreases total dendritic length and arborization, whereas its overexpression increases the length (42) . Considering various ARF6 GEFs and GTPase-activating proteins that are activated to induce myriad downstream effects, many questions including the specificity and redundancy of the various ARF6 GEFs and GTPase-activating proteins as well as the exact method of ARF6 regulation of dendritic development require further detailed investigations.
All in all, we have provided evidence that ARF6 activation bidirectionally regulates dendritic spine formation depending on neuronal maturation and activity. Our results raise the possibility that activity-dependent dynamic changes in ARF6-mediated spine structures may play a role in structural plasticity of mature neurons.
